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Abstract—This paper presents extensive propagation measure-
ments conducted in a modern arched tunnel with 300 m and 
500 m radii of curvature with horizontal polarizations at 920 
MHz, 2400 MHz, and 5705 MHz, respectively. Based on the 
measurements, statistical metrics of propagation loss and shadow 
fading in all the measurement cases are extracted. Furthermore, 
for each of the large-scale fading parameters, extensive analysis 
and discussions are made to reveal the physical laws behind the 
observations. The quantitative results and findings are useful to 
realize intelligent transportation systems in the subway system. 
I. INTRODUCTION 
Various kinds of wireless communication techniques em-
ployed for subway system play a critical role to ensure 
personnel safety and enhance operational efficiency. No matter 
for public wireless communication systems or signaling and 
train control communication systems, 900 MHz, 2400 MHz, 
and 5800 MHz are three "hot" frequency bands. Thus, both 
industry and academia have great interest at the information on 
propagation characteristics in these three frequency bands. At 
5800 MHz, there are many wireless radio system deployments 
based on WLAN (wireless local area network) to realize 
driverless underground systems, such as in New-York, line 1 
in Paris, Malaga, Marmaray, Singapore, etc. At 2400 MHz 
frequency band, there are Wi-Fi (Wireless Fidelity), UMTS 
(Universal Mobile Telecommunications System), LTE, CBTC 
(Communication Based Train Control System), and LTE-R 
(pending). At 900 MHz frequency band, there are GSM 
(Global System for Mobile Communications), GSM-R (Global 
System for Mobile Communications for Railway), LTE (Long 
Term Evolution), TETRA (Terrestrial Trunked Radio), and 
LTE-R (Long Term Evolution for Railway). 
In order to predict the radio coverage of these wireless 
communication systems in subway tunnels, numerical inves-
tigations on propagation of UHF (ultra-high frequency: 300 
MHz-3 GHz) and SHF (super high frequency: 3 GHz-30 
GHz) signals in tunnels have been done in the last decades. 
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For the measurements, authors of [l]-[3] reported the mea-
surement results of propagation characteristics in tunnels, 
railway and road tunnels, and subway tunnels, respectively. 
For the modeling methodologies, many researchers proposed 
modal analysis based on waveguide theory [4], models based 
on geometrical optics (GO) approach [5], numerical models 
based on vector parabolic equation (VPE) techniques [6], and 
empirical models based on measurements (two-slope models 
[7], three-slope model [8], four-slope model [2], five-zone 
models [9], etc.). Both these experimental and theoretical 
studies form the understanding of wave propagation inside 
tunnels. However, most of them focus on the straight tunnels. 
Research on the propagation in curved tunnels are still limited. 
Authors of [10] developed simulators based on ray approaches 
for the wave propagation in curved tunnels with some specific 
cross sections. Authors of [11] simulated the propagation 
loss in curved tunnels with modal analysis. Authors of [12] 
predicted the loss for curved tunnels by using the parabolic 
equation (PE) along with the alternate direction implicit (ADI) 
method. To sum up, most of the existing research on the tunnel 
curve make the contributions on modeling and simulation 
methods, the measurement results focus on road, mine, and 
railway tunnels with specific cross sections. The measurement 
results in the curved subway tunnels (which are much smaller 
than road and railway tunnels, and are different from mine 
tunnels) are still rarely presented. This limits the validation of 
the corresponding simulators and the deployment of wireless 
communication systems in subway systems. 
This paper presents a sets of measurements on wave 
propagation in a typical modern curved subway tunnel. The 
extracted large-scale fading characterization supplies the first-
hand information, and can be used for network planning, 
channel modeling, key techniques (such as soft handover, link 
adaptation, etc.) evaluation, and validation for simulators of 
different communication systems deployed in tunnel environ-
ment at various frequencies. 
The rest of this paper is organized as follows. The measure-
ment campaign is described in Section II. The measurements 
are made in a modern curved arched tunnel. The radii of 
curvature are 300 m and 500 m, which are the typical 
values of subway tunnels. Corresponding to the three hot 
frequency bands, frequencies at 920 MHz, 2400 MHz, and 
5705 MHz with horizontal polarization are tested in the 
measurements. In Section III, methods of extracting large-
scale fading parameters (path loss exponent, shadow fading 
distribution, autocorrelation, and cross-correlation) from mea-
surement results are introduced. In Section IV, the large-scale 
fading characteristics of wave propagation in the curved arched 
tunnel are quantitatively analyzed, and finally summarized in 
a series of tables. Conclusions are drawn in Section V. 
II. MEASUREMENT CAMPAIGN 
A. Test system 
The test system is composed of two parts as follows: 
1) Transmitting system: The transmitting system is com-
prised of a continuous wave (CW) transmitter (Tx) 
and a panel antenna. Since totaly three distinguished 
interesting frequencies are measured, three transmitters 
and corresponding antennas are utilized. For the mea-
surements at 920 MHz, a Tx with 500 mW (27 dBm) 
power output, and a L-COM HG908 panel antenna 
working at the frequency band 902-928 MHz, with 8 
dBi gain, 75° horizontal and 65° vertical beam widths 
are used. In the measurements at 2400 MHz, a Tx with 
250 mW (24 dBm) power output is employed to be the 
Tx; a L-COM HG2414P panel antenna working at the 
frequency band 2400-2500 MHz, with 14 dBi gain, 30c 
horizontal and 30° vertical beam widths is utilized. In 
the cases of 5705 MHz, the Tx is a transmitter with 
160 mW (22 dBm) power output; the antenna is a L-
COM HG5419P panel antenna working at the frequency 
band 5470-5850 MHz, with 19 dBi gain, 16° horizontal 
and 16° vertical beam widths. In order to avoid possible 
damage in the measurements, the transmitting system is 
attached to a pylon located on land. 
2) Receiving system: The receiving system is composed of 
a broadband antenna, an amplifier, and a spectrum ana-
lyzer, located on a standard subway train. The receiving 
antenna is an R&S HL050 Log-Periodic WB antenna, 
with 8.5 dBi gain, 85° horizontal and 70° vertical beam 
widths, located in the front car of the train (see Fig. 1). 
A Celwritek csa-936327 (teledyne) amplifier working at 
the frequency band 500-6000 MHz is used to amplify the 
received power. An Agilent N9912A spectrum analyzer 
is employed to send the captured received signal power 
to a laptop, stored for the later processing. 
In the measurements, the sampling intervals are shorter 
than one wavelength, and repeated measurements are taken 
to collect sufficient samples for study of the fading behavior. 
Since this study focuses on the large-scale fading property 
specified in real curved arched tunnels, the small-scale fading 
is separated from the received power by averaging samples 
at intervals of 40 wavelengths. The lowest average signal-
to-noise-ratio (SNR) measured at a particular location is 
approximately 30 dB so that an accurate estimation of channel 
parameters is possible. 
B. Measurement environment 
The measurements are conducted in a modern arched curved 
tunnel of Madrid's subway. As shown in Fig. 1, the tunnel 
includes arched walls and roof, and a plane floor, which is 
common in the newly built subway lines, because of the 
widespread use of the shield machines in the constructions 
of modern tunnels. Relative position and configuration of the 
transmission system and receiving system along the train route 
inside the arched tunnel with dimensions 8.41 m x 6.87 m are 
illustrated in Fig. 1 as well. Positions of Tx and Rx as well 
as the radii of curvature of the tunnel are given by Table I. 
Three carrier frequencies - 920 MHz, 2400 MHz, and 5705 
MHz - are used in the measurements. In the curved arched 
tunnel, two radii of curvature (300 m and 500 m) are tested 
at the three frequencies with horizontal polarization (H-pol.). 
Horizontal polarization is chosen to study because it is more 
sensitive to the tunnel curve than vertical polarization. 
Fig. l. Front view of measurement setup in the arched tunnel 
III. MEASUREMENT RESULTS AND PARAMETER 
EXTRACTION 
A. Received power in the curved arched tunnels 
The received power in the measurement campaigns are 
shown in Fig. 2. Some preliminary observations on the in-
fluences of the following factors could be summarized: 
1) Frequency: when the other factors (polarization, tunnel, 
radius of curvature) are the same, wave propagation at 
the three frequencies suffers similar loss. In the straight 
tunnel, the waveguide theory suggests that the wave at 
higher frequencies experiences the smaller propagation 
loss. Thus, the fact that the total losses at various 
frequencies are similar in the measurements, virtually 
implies that the higher frequencies are more sensitive 
to the tunnel curve. In terms of the fading, the case in 
the curved tunnel follows the same law in the straight 
tunnel: higher frequencies have stronger fading. 
2) Radius of curvature: in the arched tunnel with horizontal 
polarization, the wave suffers larger propagation loss 
with the 300 m radius of curvature than that of the 500 
m radius of curvature. This follows the common sense 
that the sharper curve leads to larger propagation loss. 
Similar results are reported by [10], [12]. 
These observations justify the measurement data, and imply 
the factors behind the propagation loss in the curved tunnels. 
B. Path loss exponent and shadow fading extraction 
In the log-distance path loss model, the change of the path 
loss along with the distance is depicted by the path loss 
TABLE I 
POSITIONS OF TX AND RX IN THE MEASUREMENTS 
Tunnel WTunnei (m) HTunnei (m) xTx (m) yTx (m) xfla; (m) j / ^ (m) Radius of Curvature (m) 
Arched 8.41 6.87 6.75 2.15 1.7 2.84 300 and 500 
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Fig. 2. Measured received power (without small-scale fading) in the modern curved arched tunnel with 300 m and 500 m radii 
of curvature with horizontal polarization at (a) 920 MHz, (b) 2400 MHz, and (c) 5705 MHz. 
exponent. Such exponent and shadow fading are extracted 
from the measured results by using the following expression: 
L(d) L(d0) + 10nlg[ — 
, a0 
•Xa (1) 
where d denotes the distance (along the track of the tunnel) 
between Tx and Rx. L (d) denotes the propagation loss without 
small-scale fading, do denotes the referenced distance. L(do) 
denotes the media path loss at do. n denotes the path loss 
exponent. Xa denotes the shadow fading. By using the least-
square criterion, the path loss exponent n can be obtained. 
The shadow fading values can be calculated by using a simple 
minus to the formula offered above. 
C. Amplitude distribution of shadow fading 
In extensive literature, the log-normal distribution has been 
empirically confirmed for fitting the amplitude distribution of 
shadow fading. In this study, the shadow fading is well fitted 
by the log-normal distribution as well, passing Kolmogorov-
Smirnov, Anderson-Darling, and Chi-Squared tests in Easy Fit 
[13]. The shadow fading standard deviations (a) based on the 
averaging of repeated measurements are given by Table II. 
D. Autocorrelation calculation 
Besides the distribution, another important characteristic of 
the shadow fading is the autocorrelation, and it is of interest 
for power control and base station (or access point) location 
designing. This metric is defined as the correlation of shadow 
fading in different positions of the signal from the same Tx. 
The autocorrelation is described by the correlation coefficient 
in numerical documents with the following definitions: 
Pl,2 = -
E{S(d1)S(d2)} 
a(di)a(d,2) (2) 
where S (di) denotes the value of shadow fading in the 
position with distance d\\ S (cfe) denotes the value of shadow 
fading in the position with distance cfe. cr (d\) and cr (d,2) 
denote the standard deviations of the shadow fading in the 
positions with distance d\ and di, respectively. There are 
mainly two definitions for such decorrelation distance. The 
first one - dcor (0.5) - is defined as the distance that the 
correlation is equal to 0.5. The other definition - dcor (e_ 1) -
is the distance when the correlation is equal to e -1 .In order to 
provide a general reference, both definitions of decorrelation 
distance are calculated by using least squares (LS) fitting based 
on the repeated measurement results. 
E. Cross-correlation calculation 
The cross-correlation is extracted from the measurement 
results as well. This metric is of interested in designing han-
dover algorithms, controlling interference power, and so on. 
The shadow fading cross-correlation coefficient p is defined 
as the cross-correlation coefficient between shadow fading 
components of two sets of received signals, by using the 
following expression: 
Z(Xt-X)(Y-Y) 
P = (3) 
! = 1 V !=1 
where Xi and Yi denote the shadow fading components of two 
separate received power, X and Y are the mean of shadow 
fading components, n is the number of the shadow fading 
component samples. In this paper, n ranges from 200 to 400 
in different measurement routes. Usually, if the absolute value 
of the estimated correlation coefficient lies in [0,0.1], two 
random variables can be treated as uncorrelated. In this study, 
the cross-correlation coefficients of shadow fading between 
different frequencies are evaluated from the measurements. 
IV. ANALYSIS AND DISCUSSION 
Based on the parameter extraction from the measurement 
results, the large-scale fading characteristics of wave propa-
gation in the curved arched tunnel are quantitatively analyzed 
and discussed in this section. 
A. Path loss exponent and shadow fading distribution in the 
curved arched tunnel 
Table II shows the path loss exponents as well as shadow 
fading distributions and standard deviations (Std) in the curved 
arched tunnel with various frequencies and radii of curvature. 
More comparisons of these characteristics between various 
straight and curved tunnels are discussed detailedly in [14]. 
From Table II, following findings can be summarized: 
1) Most of the path loss exponents are larger than 2 (which 
equals the case of free-space propagation), and much 
larger than the cases of the straight tunnels where the 
waveguide effect is established (see the comparison in 
[14]). This implies that the tunnel curve reduces the 
waveguide effect, and leads to the extra loss of prop-
agation compared to the cases of the straight tunnels. 
2) In Table II, the path loss exponents of the horizontal 
polarized wave propagation in the arched tunnel with 
300 m radius of curvature are between 4.61 and 5.50, 
which are larger than the values (3.36-5.37) with 500 
m radius of curvature. This means that the sharper the 
tunnel curve is, the larger the path loss is. Similar 
conclusions can be found in [11]. 
3) The path loss exponents at 2400 MHz and 5705 MHz are 
close to each other, and are obviously larger than those 
at 920 MHz. Note that the exponents at 2400 MHz are 
slightly larger than 5705 MHz may be due to specificity 
or uncertainty of measurements, and therefore, is not 
discussed here. Given the fact that the higher frequencies 
suffer smaller path loss in the straight tunnels, it could be 
concluded that the higher frequencies are more sensitive 
to the tunnel curve. In a more extreme case presented 
by [15], the path loss could even ascend along with the 
increase of frequency in curved tunnels. 
4) The standard deviations of the shadow fading are from 
4.09 dB to 6.52 dB in the curved arched tunnel. These 
values are larger than the standard deviations of the 
shadow fading in the other railway scenarios, such as 
train station, cutting, and viaduct. 
B. Autocorrelation characteristics of shadow fading in the 
curved arched tunnel 
Table III gives the statistics of the decorrelation distances 
in the curved arched tunnel with two definitions of the decor-
relation distances, various frequencies and radii of curvature, 
respectively. The decorrelation distances defined as dcor (0.5) 
are shorter than the values of the definition of dcor (e _ 1 ) . 
When the radius of curvature is 500 m, the mean values of 
decorrelation distances are 11.19-16.75 m, 1.41-1.83 m, and 
4.13-5.78 m, at 920 MHz, 2400 MHz, and 5705 MHz, respec-
tively. Most of these values are larger than the corresponding 
values when the radius of curvature is 300 m. This suggests 
that the sharper curve favors the decorrelation of the received 
signal. The decorrelation distances in the curved tunnel are 
much shorter than those in the urban macro environments 
(32 m, 45 m, and 97 m) [16] as well as other outdoor rail 
traffic scenarios, such as viaduct (14.81-131.6 m) [17], [18]. 
This indicates that compared with the open space, the shadow 
fading component along the distance varies faster in the curved 
confined space, e.g., the curved subway tunnels in this study. 
This means that the propagation inside curved tunnels needs 
special attention for communication system design. 
C. Cross-correlation characteristics of shadow fading in the 
curved arched tunnel 
Cross-correlation characteristics of shadow fading in the 
curved tunnel between various measurement configurations are 
shown in Table IV. The shadowing cross-correlation in the 
sharper curve (300 m radius of curvature) tends to be weaker 
than that of the gentle curve (500 m radius of curvature), but 
the difference is not substantial, and the case of the "920 MHz 
vs 5705 MHz" is an exception. It indicates that the variation 
of curved radius in the tunnel has little impact on shadowing 
cross-correlation. Based on these results, frequency diversity 
between the three bands (920 MHz, 2400 MHz, and 5705 
MHz) holds promise for diversity gains since the channel 
effects in these three bands are essentially uncorrelated. In 
other words, various communication systems at 900 MHz fre-
quency band (GSM/GSM-R/LTE/TETRA/LTE-R), 2400 MHz 
frequency band (Wi-Fi/UMTS/LTE/CBTC/LTE-R), and 5800 
MHz (CBTC, custom systems, etc), are promising to work 
together in the same curved tunnel without severe interference. 
V. CONCLUSION 
A set of propagation measurements are conducted in a 
modern arched subway tunnel with 300 m and 500 m radii of 
curvature, horizontal polarization, at 920 MHz, 2400 MHz, and 
5705 MHz, respectively. In terms of the path loss, the fact that 
most of the path loss exponents are larger than 2, reflects that 
the tunnel curve indeed reduces the waveguide effect, so that 
the wave propagation suffers much larger loss than the cases 
of the straight tunnels. Meanwhile, the measurement results 
indicates that the sharper the tunnel curve is, the larger the path 
loss is. Moreover, it is found that the higher frequencies are 
more sensitive to the tunnel curve. In terms of the shadow fad-
ing distribution, the measured shadow fading can be well fitted 
by the log-normal distribution, with the standard deviations 
from 4.09 dB to 6.52 dB in the curved arched tunnel. For the 
autocorrelation and decorrelation distance, the mean values of 
decorrelation distances are several meters, much shorter than 
those in the urban macro environments or other outdoor rail 
traffic scenarios. In terms of the cross-correlation of shadow 
fading, the signals in different frequencies are uncorrelated. 
This gives the chance to employ the frequency diversity to en-
sure reliable communication in subway systems for emergency 
cases. Moreover, various communication systems at various 
frequency bands are expected to work simultaneously in the 
same curved tunnel without severe interference. 
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